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TCE 1,1,2,2-tetrachloroethane 
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U units 
Urd uridine 
UDP uridine diphosphate 
UDP-Glc* uridine diphosphate glucose [UL-^^C glucose] 
vi 
UMP uridine monophosphate 
UTP uridine triphosphate 
(v/v) volume/volume 
(w/v) weight/volume 
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I. INTRODUCTION 
A. General Comments 
Starch is one of the most abundant organic materials on 
the face of the earth. By virtue of this it would be expected 
that considerable scientific effort would be put to bear on 
the nature of starch and its origins. Such efforts have been 
made, but have yet failed to answer some of the truly basic 
questions about how starch is made. What will follow here is 
a summary of the important knowledge we had of starch bio­
synthesis in the mid-1970's, along with the answers to a few 
of these questions. 
Starch is formed within plant cells inside plastids, 
membrane bound organelles. The plastids may be divided into 
chloroplasts, which are photosynthetic, and leucoplasts, which 
are not. The plastids are highly active systems which grow 
and divide and which contain DNA, RNA and membrane associated 
machinery such as thylakoids. The formation of starch 
granules appears from high resolution micrographs to be inti­
mately connected with membranous structures within the 
plastid. Indeed, it has been observed that within some 
plastids a complete double membrane can be seen around forming 
granules. To complicate a consideration of these granules it 
should be pointed out that a strict distinction may be made 
between assimilatory granules and reserve granules. The 
assimilatory type occur in chloroplasts and are relatively 
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small. They are a means of short term storage of energy for 
dark periods. The reserve granules occur in tubers, stems 
and seeds, and are distinctly larger. They grow to the point 
of completely filling their plastid membrane. Their shape is 
under genetic control. The role of membranes in starch 
synthesis has not been investigated but it is believed that 
some of the enzymes responsible for starch formation are 
firmly attached to the starch granules themselves. The starch 
is composed of the two fractions: amylose, a linear polymer, 
and amylopectin, a highly branched one. Further details of 
the physiological background of starch biosynthesis may be 
obtained from a review by Badenhuizen (Badenhuizen, 1969). 
The enzymology of starch biosynthesis has also been 
covered by recent reviews (Meisel, 1974; Banks and Greenwood, 
1975) . 
B. Starch Synthesis by Granules 
Modern enzyme studies of the biosynthesis of starch began 
with the work of Luis Leloir and his associates in Argentina. 
They first demonstrated the incorporation of glucose from 
UDP-Glc into starch. An enzyme preparation, which consisted 
simply of acetone dried starch granules from germinated dwarf 
14 
string bean, was incubated with UDP-Glc, which carried a C 
label in the glucose moiety. It was found that the starch 
exhibited uptake of the radioactivity and further, that the 
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radioactivity could be made soluble again by the action of 
alpha-amylase. Since the formation of UDP during the incuba­
tion was parallel to the incorporation of radioactivity, the 
experiment showed that glucosyl nucleotides are involved in 
starch synthesis as glucose doners (deFekete et al., 1960). 
Further experiments showed that ADP-Glc is an even better 
source of glucose than UDP-Glc. That is to say that at equal 
concentrations they could observe incorporation of radio­
activity from ADP-Glc* into their granules at up to ten times 
the rate obtained with UDP-Glc* (Recondo and Leloir, 1961). 
This discovery made it seem more likely that ADP-Glc is the 
immediate source of glucose for starch vivo. It can be 
asked of course if this is the case for all plants. Leloir 
found that potato and corn exhibit the same reactions and that 
ADP-Glc is the preferred substrate there as well (Leloir 
W # y  ^  V Wk /  # ^  A AW WJVWXA ^  V  ^  ^  V  ^  ^  ^  W V 
tides in plant storage tissues and found UDP-Glc at 1.0-2.0 
ymoles/100 grams in corn endosperm, the storage tissue in corn 
seeds at the milky stage; ADP-Glc was found at about 0.3 
ymoles/100 grams concentration (deFekete and Cardini, 1964). 
The nature of the bond between the enzyme and the starch 
granules was examined by making efforts to liberate the enzyme 
in soluble form. Washed granules from a variety of sources 
were treated with eight molar urea to disrupt any hydrogen 
bonding or adsorption that might hold the synthase to the 
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granules. After removal of the urea the granules recovered 
all of their synthesis activity. Treatment with salivary 
amylase was used to remove some of the starch from the 
granules, hopefully removing attached enzyme. Again, recovery 
of activity was observed in the granules. This implied that 
the enzyme activity seen here was very tightly bound to the 
granules (Frydman and Cardini, 1967). The peculiar tightness 
of association of the bound enzyme with the granules led to 
further work on the nature of the association. Experiments 
with a particulate preparation from potato tuber have led 
some workers to hypothesize that starch is actually a glyco­
protein. Their potato enzyme transfers glucose from UDP-Glc 
or ADP-Glc to itself or a protein closely associated with it. 
The chains of starch are built up on a protein core. They 
picture the enzyme as being inseparable from the granules, 
because the enz^^es are covalently linked to the starch 
itself. Thus, the 0.4% of protein in corn starch forms an 
important part of the granule's structure (Lavintman eind 
Cardini, 1973; Lavintman et al., 1974). 
It was then found by C. Y. Tsai at Purdue that the 
granule bound synthase activity makes only amylose. This was 
based on some genetic evidence. It had been reported pre­
viously that a soluble protein from tobacco leaves could 
transfer glucose from ADP-Glc to a starch acceptor (Frydman 
and Cardini, 1964). Tsai investigated the "waxy" mutant of 
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corn which has only amylopectin in its endosperm. The lack 
of an amylose fraction might be correlated with either the 
soluble or bound enzyme activity. He discovered that waxy 
corn does not have any granule bound synthase activity. 
Washed waxy granules showed no reaction with ADP-Glc or UDP-
Glc. The soluble synthase was present in identical amounts 
in both normal and waxy endosperm. It used only ADP-Glc as 
a substrate and made amylopectin as a product. He also 
demonstrated that if the bound synthase is made soluble by 
grinding normal granules with sand for twenty minutes, the 
synthase retained its ability to use both ADP-Glc and UDP-Glc 
even though the granules were totally disrupted and the 
enzyme would remain in the supernatant during high speed 
centrifugation (Tsai, 1974). 
C. Soluble Starch Synthase Systems 
The soluble starch synthase has been more thoroughly 
studied than the granule bound enzyme. This is probably due 
to the ease with which it can be separated from starch and 
handled in soluble form. Purification up to about 200 fold 
has been reported (Hawker et al., 1974) . The fz.rst study 
made on the soluble synthase used tobacco leaves, potato 
tubers and sweet corn endosperm as sources. This study used 
exogenous acceptors for the glucose from ADP-Glc. It was 
found that oligosaccharides, amylopectin and glycogen would 
serve as acceptors but amylose would not (Frydman and 
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Cardini, 1965). The soluble enzyme from spinach chloroplasts 
in contrast would utilize amylose or amylopectin as acceptors 
(Ghosh and Preiss, 1965). 
As mentioned above, it is the soluble enzyme that is 
viewed as making amylopectin. The experiments described show 
that chain elongation occurs through glucosyltransferase 
activity, but they don't show how branching occurs. Amylo­
pectin is a branched polymer with alpha-1,6 linkages as well 
as alpha-1,4. An ^  vitro system was created by Doi which 
could use defined enzymes to make an amylopectin-like 
molecule. He isolated a soluble synthase from spinach leaves, 
purified it, and then mixed it with a purified branching 
enzyme preparation from potato. The two soluble enzymes 
together made a branched polysaccharide similar to amylo­
pectin when ADP-Glc was added (Doi, 1969). How this two 
enzyme system might actually operate vivo was explained by 
work from Lee's laboratory. Working with extracts from corn 
endosperm it was found that polyaerylamide gel electrophoresis 
could resolve soluble enzymes into seventeen bands with the 
ability to make starch-like polysaccharide. The gels were 
soaked after electrophoresis in a solution of ADP-Glc. Subse­
quent staining with iodine revealed bands of starch in the gel 
which had been synthesized by the proteins. Some of the bands 
were purple, indicating branched polymers similar to amylo­
pectin. Some were blue, indicating amylose. These experi-
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lîients pointed to the soluble synthase occurring in several 
forms, usually in a complex with branching enzyme. What 
other workers had studied as the soluble synthase then is 
really a complex of enzymes which are capable of producing 
more than one product (Schiefer et al., 1973). 
The picture that one gets then of starch synthesis is 
that shown in Figure 1. The starch is laid down in granules 
by two classes of enzymes. A "bound" enzyme is in some way 
firmly anchored to the granule. It is responsible for synthe­
sizing amylose. Its location is presumed to be at the surface 
of the granule since starch grows by apposition (Badenhuizen, 
1969). Amylopectin is made by a set of soluble synthases that 
are found as complexes with branching enzyme. These complexes 
will be in solution around the periphery of the growing 
granule; in the stroma of the amyloplasts. The soluble system 
makes amylopectin from ÀûP-Glc only. The bound enzyme has a 
wider specificity and uses either ADP-Glc or UDP-Glc as 
substrates. By analogy with glycogen synthase it is assumed 
that amylopectin and amylose are made by addition of new 
glucosyl units to the non-reducing ends of chains. If the 
branching enzyme complex is near a chain that is sufficiently 
elongated, it can make a branch in the starch by cleavage of 
a 1,4 linkage and simultaneous transfer of the chain fragment 
produced to another chain to make a 1,6 linkage (Hawker 
et al., 1974). 
"BOUND 
SYNTHASE" 
AMYLOSE 
"SOLUBLE 
SYNTHASE" 
AMYLOPEaiN 
Figure 1. Schematic of starch granule formation 
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D. Details of Synthesis 
In making the studies described above, researchers gave 
little attention to the products formed in the enzyme reac­
tions. Starch was simply collected in most cases and counted 
for radioactivity to determine the amount of synthesis which 
had occurred. The details of where the radioactivity had 
taken residence in the starch were not worked out. What 
details were discovered will now be described. 
Several of the papers from the group in Argentina gave 
information on where the labeled glucose was going. By using 
a microfractionation technique to separate amylose from amylo-
pectin by forming the thymol complex of the former, Leloir 
found that with the bound enzyme from bean and UDP-Glc*, 1100 
counts per minutes (cpm) had gone into amylose and 980 cpm had 
gone into amylopectin. The specific activity of the two frac­
tions was 166 cpra/mg and 51 cpm/mg respectively. It seeitisd 
from this result that both components of starch were being 
made by the granule bound enzyme (Leloir et al., 1961). A 
later study using the bound potato tuber enzyme reported that 
using either ADP-Glc* or UDP-Glc* about 80% of the radio­
activity became incorporated into the amylopectin fraction 
(Lavintman and Cardini, 1972). Further work by the same 
authors (Tandecarz et al., 1975a) using the bound enzyme from 
corn embryo and ADP-Glc* showed that 25% of the label went 
into amylose under usual assay conditions, and 45% went into 
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ainylose in the presence of 0.1 M sodium citrate. The results 
of these studies do not seem to correlate well with each 
other. When one considers the findings of Tsai it seems 
strange that no more than 45% of the label was observed to go 
into the amylose fraction. If the granule bound enzyme is 
making amylose, the great majority of the label should be in 
the amylose. 
Another attempt was made to follow the synthesis of 
starch by examining the products of the reaction but this was 
not really an vitro study. It should however be mentioned 
because of its relevance to an experiment that will be 
encountered below. Shannon and coworkers exposed whole corn 
14 plants to CO^ for one hour. They isolated starch from the 
kernels of these plants at intervals up to thirty-six hours 
after exposure. Fractionation of the starch into amylose and 
the fractions. They found that there was essentially no 
change in the ratio of the specific activities during 
labeling. Both fractions appeared to be synthesized at the 
same rate. As expected, the actual values of the specific 
activities increased during the thirty-six hours. The ratio 
obtained was about 1.27 (amylose specific activity/amylopectin 
specific activity) meaning that about 32% of the radioactivity 
was going into the amylose (Shannon et al., 1970). 
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The product of the action of soluble synthase was exam­
ined by another group. They carried out the vitro synthe­
sis of an amylopectin using a mixture of purified spinach 
leaf preparations of both soluble synthase and branching 
enzyme. The labeled products were treated with beta-amylase, 
alpha-amylase, isoamylase and glucoamylase. They were found 
to be resistant to hydrolysis by these amylases. The product 
of action of purified synthase alone could be more readily 
hydrolyzed by the alpha-amylase and beta-amylase. Gel chroma­
tography of the products of either purified synthase, or 
synthase plus branching enzyme showed high molecular weights 
7 for the products : 10 . No study was reported of the action 
of the granule bound enzyme (Hawker et al., 1974). 
A recent review implied that during the course of starch 
synthesis by the bound enzyme: "It catalyzed the transfer of 
glucose residues from UDP-Glc to the starch granules, and in 
particular, to the non-reducing ends of certain amylose and 
amylopectin molecules," (Manners, 1974). Reference was given 
to a paper by Leloir's group (Leloir et al., 1961) but this 
paper described experiments to determine the direction of 
growth of oligosaccharides, not amylose or amylopectin. Only 
one attempt to determine the direction of this growth has been 
published (Shannon et al., 1970). It was performed using 
starch from the kernels of whole corn plants exposed to 
The amylose was subjected to treatment with beta-amylase to 
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sequentially remove maltose units from the non-reducing ends. 
The specific activity of the recovered maltose was determined. 
For each of the amylose samples used, the specific activity 
of the maltose decreased during hydrolysis. This was taken 
as indicating that the amylose was more heavily labeled at the 
non-reducing end, and that it was this end at which amylose 
grows. The starch used here had been fractionated with thymol. 
The amylose was not reported to have been characterized. 
Examination of the data given in this published attempt shows 
that after about 10% or 15% hydrolysis of the amyloses, the 
specific activities of the released maltose fractions rise. 
That is, the label appears to be at the non-reducing end of 
the amylose and also in the interior of the chains; a very 
peculiar situation. 
To summarize, one can say that only limited information 
4 c 4 1 a V> 1 0 aV\r>m^ 4-Ko fa a 4- 4 e A 4^ r> a 
by synthase reactions. And, in the case of the data mentioned 
where the granule bound synthase was shown to put anywhere 
from 50% to 80% of its product into the amylopectin fraction, 
this information may be questionable in quality. 
E. Oligosaccharide Elongation 
As mentioned in the section above, previous workers have 
studied the direction of elongation of oligosaccharides. It 
was found that preparations that transfer glucose from glucosyl 
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nucleotides to starch also transfer it to maltooligosacchar-
ides. The best acceptors for such reactions are maltose and 
maltotriose. These compounds appear to be better acceptors 
than starch itself. Their direction of elongation was deter­
mined by a pair of experiments. In the first, maltotriose 
was incubated with labeled UDP-Glc and granule bound 
synthase from bean, and reducing end labeled maltotriose with 
unlabeled UDP-Glc. Reduction of the larger oligosaccharides 
which resulted and their hydrolysis gave mixtures of glucose 
and sorbitol which were separated and counted. In the case of 
the cold maltotriose and hot UDP-Glc it would be expected that 
the radioactivity would be in the glucose of the product 
oligosaccharides if synthesis was at the non-reducing end. In 
fact, it was observed that 86% to 90% of the label was in 
glucose. When reducing end labeled maltotriose was incubated 
with cold UDP-Glc the products had 91% to 96% of the label in 
the sorbitol. The second of the pair of experiments followed 
the same labeling procedure but with bromine oxidation used 
to convert the reducing end unit to gluconic acid. The 
results here showed that 87% to 91% of the label was in the 
reducing end when reducing end labeled maltotriose was used 
with cold UDP-Glc. Levels of radioactivity used were 10 to 
290 counts per minute in the samples counted (Leloir et al., 
1961). This result is interesting since these oligosacchar­
ides might serve as primers for the synthesis of starch. 
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F. Goals of the Present Research 
This dissertation was intended to provide answers to the 
following questions: What is the fate of glucose in starch 
biosynthesis reactions performed vitro? What is the direc­
tion of chain elongation of starch? Does the granule bound 
synthase have specificity for both ADP-Glc and UDP-Glc? 
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II. EXPERIMENTAL PROCEDURES 
A. Plant Material 
Corn (Zea mays^ L.) of inbred line W64A was grown in the 
field by Dr. Peter Peterson at Iowa State University. Stocks 
were maintained by controlled pollination. Ears were har­
vested 22 days post pollination, frozen and stored at -29®C 
for long term storage and at -10®C for shorter periods before 
use in experiments. 
The corn mutants used were isogenic with the inbred line 
with which they were compared. 
1. Whole endosperm preparations 
Endosperms were prepared from the corn by dissection. 
Kernels were removed from frozen ears by prying. While still 
frozen the area around the pedicel was torn open with a 
pointed spatula and the embryo squeezed out. The endosperm 
was then removed by squeezing. Collected endosperms were 
ground in a mortar in buffer A for three minutes, and passed 
through cheesecloth and nylon parachuting to remove debris. 
All operations were performed at 4°C. The homogenate was 
referred to as whole endosperm preparation. It was freshly 
prepared for each experiment. 
2. Granule bound synthase 
Starch granule preparations were made by centrifugation 
of the starch from these homogenates at 1000 xg for 15 minutes 
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Table 1. Buffers and solutions used 
Buffers 
A. SOmM Bicine 
5mM MCE 
lOOmM KCl 
pH 7.8 
B. 40inM Barbital 
6% (w/v) DMF 
pH 7.8 
C. 20inM Tris 
10% (w/v) sucrose 
adjusted to pH 7.15 with HCl 
D. ImM DTT 
10% (w/v) sucrose 
35inM L-asparagine 
E. 0.15M NaCl 
0.02% (w/v) NaN^ 
F. 0.24M Cl" 
35% (w/v) sucrose 
adjusted to pH 5.8 with imidazole 
G. 15mM sodium glyceroDhosDhate 
pH 5.7 
H. SOmM Tris 
SmM Na2~EDTA 
adjusted to pH 7.8 with HCl 
I. O.IOM (NH4)2C204*H20 
J. 50mM Bicine 
5mM MgCl2-6H20 
adjusted to pH 8.0 with NaOH 
K. 0.20M Na-acetate 
adjusted to pH 3.5 with HCl 
L. 2 SmM pyridine 
adjusted to pH 5.0 with acetic acid 
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Table 1. (Continued) 
Buffers 
M. 0.016M Na-acetate 
0.02% (w/v) NaNg 
pH 4.8 
N. ImM DTT 
2niM Na2-EDTA 
25inM Nag-citrate 
25inM Bicine 
pH 8.0 
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followed by washing of the pellet by repeated resuspension and 
centrifugation. One gram dry weight of pellet (from 20-25 
kernels) was washed by suspension four times in distilled 
water and then three times in -20®C acetone. After drying 
under vacuum overnight, the preparation, referred to as gran­
ule bound synthase, was stored in a desiccator. 
B. Chromatography 
1. Paper 
Paper chromatograms were run in the ascending mode with 
paper cut to 25 cm high and 30 cm wide. Samples were spotted 
3.0 cm apart, 3.0 cm from the bottom. The paper was stapled 
to form a cylinder, which was placed in a stainless steel tank 
and run in an oven at 65°C. Chromatograms in the descending 
mode were made on sheets of paper 22 cm wide by 56 cm long. 
These were run in glass tanks at 37°C. Standards of sugars 
were run in parallel on chromatograms when needed. Solvent 
systems used were those shown in Table 2. 
The location of sugars on the paper chromatograms was 
accomplished by the silver nitrate dip technique (Anet and 
Reynolds, 1954). 
2. Column chromatography 
Gel permeation chromatography was carried out using 
Sephadex G-10, Sepharose CL-4B (both from Pharmacia Fine 
Chemicals), and Bio-Gel P-10 (Bio-Rad Laboratories). These 
Table 2. Solvent systems for paper chromatography 
Solvent Paper Mode Temperature (®C) 
A. ethyl acetate - pyridine - H_0 
10:4:3 (v/v) 
B. n-propanol - H_0 
65:35 (v/9) 
C. nitromethane -• ethanol - acetic 
acid - boric acid saturated U^O 
8:1:1:1 (v/v) 
D. 
E. 
l.OM ammonium acetate pH 7.5 
95% ethanol 
5:2 (v/v) 
n-butanol - pyridine - H.O 
3:2:2 (v/v) 
Whatman #3MM 
VJhatman # 3MM 
Whatman #3MM 
Whatman #1MM 
Whatman #3MM 
Descending 
Ascending 
Descending 
Descending 
Descending 
37 
65 
37 
23 
23 
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materials were swollen and packed into columns following the 
manufacturer's instructions. The gel beads were placed in 
deaerated eluent solution and allowed to stand for 24 hours. 
Before packing a column the fines were removed by swirling 
the gel to suspend it and then allowing it to settle for 30 
minutes. The supernatant liquid containing the fines was 
decanted and fresh solution was added to the flask. This was 
repeated four times. The slurries of gel thus prepared were 
poured into columns and packed under flow. 
3. Thin layer chromatography 
Precoated glass plates of silica gel G with fluorescent 
indicator (Analtech) were spotted with 2 yl samples using 
microcapillary pipets (Drummond). The plates were developed 
using solvent systems shown in Table 3, 
Table 3. Solvent systems for thin layer chromatography 
Solvents Proportions 
A. ethanol - 1.0 M ammonium acetate pH 7.5 7:3 (v/v) 
B. chloroform - methanol - H^O 65:25:4 (v/v) 
C. n-butanol - acetic acid - H2Ô 3:1:1 (v/v) 
C. Radioactive Substrates 
ADP-Glc (glucose-^^C) and UDP-Glc (glucose-^^C) were 
purchased from either ICN Pharmaceuticals or New England 
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Nuclear. Specific activities of these compounds ranged from 
200 to 240 mCi/ramole. The purity of each lot was checked by 
paper chromatography in solvent system D as described above. 
14 Glucose (uniformly labeled- C) was purchased from ICN 
Pharmaceuticals. Its specific activity was 225 mCi/mmole. 
Paper chromatography in system A was used to check its purity. 
Reducing end labeled maltooligosaccharides were prepared 
14 by the method of French et al., 1954. Glucose ( C) was 
incubated with maltooligosaccharides and a preparation of 
Bacillus macerans transglycosylase for eight hours. Paper 
chromatography in system A was used to isolate the labeled 
products. 
D. Assays 
1. Reducing value 
The reducing power of sugars was determined by their 
reaction with alkaline ferricyanide (Robyt et al., 1972). 
2. Total carbohydrate 
Determination of the total amount of carbohydrate in 
samples was performed by the orcinol-sulfuric acid method. 
The orcinol solution was freshly prepared for each use from 
recrystallized orcinol (Robyt and Bemis, 1967). 
3. Protein determination 
The protein content of solutions was determined by the 
Coomassie Brilliant Blue G-250 method (Bradford, 1976). 
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4. Enzyme activity 
The soluble starch synthase was assayed by first pre-
incubating enzyme preparations for ten minutes at 37°C in 
buffer N, containing 10 mg/ml rabbit liver glycogen. To this 
was added ADP-Glc* and unlabeled ADP-Glc to make the final 
concentration of substrate in the assay reaction mixture 5.0 
mM. Aliquots of 50 pi were then taken with time and spotted 
on squares of Whatman 31ET paper and the papers were dropped 
into a stirred beaker of cold 66% ethanol. After stirring 
for 45 minutes in each of three changes of ethanol, the 
papers were washed with acetone, dried under an infrared 
lamp, and counted for radioactivity in a toluene cocktail. 
Assays for the granule bound synthase were performed in 
a different manner. The preparations (5.0 mg) were suspended 
in buffer A (50 yl) and pre incubated for 15 minutes at 37®C. 
The reaction was started by addition of an aqueous solution 
of either ADP-Glc* or UDP-Glc* containing enough carrier 
substrate to bring the final concentration in the reaction 
mixture to 5.0 mM. Incubation was then carried out with 
agitation at 37°C for given periods of time. Reactions were 
terminated by suction filtration of each mixture on Whatman 
GF/C glass fiber paper with 50 ml of 50% ethanol as a wash. 
After a final wash of acetone, the papers were dried under an 
infrared lamp and counted in toluene cocktail to determine 
the radioactivity. 
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E. Enzyme Reactions 
1. Starch 
Starch was labeled using ADP-Glc* and UDP-Glc* by two 
means. The first used the granule bound synthase. The 
labeling reaction here involved incubating a weighed amount 
of granule bound synthase preparation (15-30 mg dry weight) 
in buffer A (100-200 yl) , with ADP-Glc* or UDP-Glc*. Con­
centrations of substrates used in the incubations were from 
5.5 micromolar to 50 micromolar. The substrates were used 
without added carrier. Conical vials were used for labeling 
with granule bound synthase preparation being weighed into 
each vial. Buffer was added to the vial and a preincubation 
in a 37°C water bath carried out. The reaction was started 
by addition of the substrate. Vortexing was used to mix the 
substrate with the starch. Incubation continued for the 
times described in the text. 
Reactions where the starch was to be fractionated or 
debranched were stopped by washing the vial contents into 
DMSO with a stream of water. Where the granules were to be 
preserved for subsequent treatment with beta-amylase the 
reaction was stopped by washing the granules into 30 ml of 
4®C water in centrifuge tubes. Centrifugation at 12,100 xg 
for ten minutes was followed by recentrifugation to wash the 
granules free of label not attached to the starch. This was 
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performed until the radioactivity of a 1.0 ml aliquot of the 
wash supernatant was down to background. 
The second type of starch labeling reaction involved 
the use of whole endosperm preparations. For these reactions 
known volumes of these preparations were placed in vials and 
preincubated as above. The reactions were then started and 
stopped as described above. Measured volumes of the endo­
sperm preparations were then dried to determine the weight of 
starch which had been used in the reactions. The reaction 
volumes and starch quantities used were the same as for the 
granule bound enzyme reactions. 
2. Oligosaccharides 
The direction of elongation of oligosaccharides by the 
granule bound enzyme was determined by incubating granule 
bound synthase with reducing end labeled oligosaccharides 
and either ADP-Glc or UDP-Glc. Granule bound synthase prepa­
ration (10 mg) was weighed into vials and mixed with 50 yl of 
1.0 mM ADP-Glc or UDP-Glc. To this was added 25 yl of 
labeled oligosaccharide solution and incubation begun at 
40®C. After one hour the mixture was spotted on paper and 
chromatographed in system B. The spots of the next higher 
homolog of the oligosaccharide series were cut out and eluted 
with water into vials. For example, if labeled maltose had 
been incubated under these conditions, the maltotriose formed 
was isolated. Each oligosaccharide was then reduced to the 
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corresponding alditol by addition of 0.5 ml of freshly pre­
pared 1.0% sodium borohydride solution and holding at 25°C 
for 12 hours. The mixtures were taken to acid pH with 
dilute trifluoroacetic acid and the borate was removed by 
evaporation under reduced pressure three times with 10 ml of 
methanol. Hydrolysis of each compound was then performed 
using 1.0 M trifluoroacetic acid in sealed ampoules at 120®C 
for 30 minutes. The acid was then removed by evaporation 
under reduced pressure. Borohydride reduced oligosaccharides 
had now been converted to glucose, and sorbitol, the sorbitol 
having been the reducing end glucose in the elongated oligo­
saccharide . 
3. Nucleotides 
Whole endosperm preparations, 250 yl containing 20 mg 
dry weight of starch, were mixed with 500 yl of 15 mM nucleo­
tide solution and 50 yl cf ADP-Glc* or UDP-Glc* (60 yM). The 
mixLuras were held at 37®C for one hour. 
4. Beta-amylase 
Granule bound synthase (25 mg) was suspended in 200 yl 
of a solution consisting of 100 yl of buffer A and 100 yl of 
ADP-Glc* or UDP-Glc*. This contained 12.5 nmoles or 2.5 yCi 
of labeled substrate. The concentration of sugar nucleotide 
was 62.5 yM. The granules were suspended in the solution by 
vortex mixing and the mixtures were incubated at 37°C for one 
hour. Reaction was stopped by washing the granules into 
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centrifuge tubes with a stream of water at 4®C and taking 
the volume to 30 ml by addition of water. Tubes were centri-
fuged at 4300 xg for ten minutes. The supernatant was dis­
carded and washing was repeated in this manner nine times. 
The final supernatant was sampled and a 1.0 ml aliquot was 
found to be of background radioactivity. 
Granules were then suspended in 2.0 ml of buffer M, con­
taining 0.30 mg of sweet potato beta-amylase (Worthington 
Biochemical Co.) or about 200 U. Digestion was allowed to 
proceed at 37®C for 24 hours. Centrifugation at 10,000 xg in 
a Beckman Microfuge was then used to separate the granules 
from the solution, which contained the maltose released by 
the beta-amylase. The granules were then washed four times 
with 0.5 ml of water by centrifugation and the five super-
natants were combined in a scintillation vial. The granules 
were transfered to a scintillation vial. Radioactivity in 
the maltose and granules was determined with Insta-Gel 
(Packard Instruments). 
5. Glucoamylase 
Glucoamylase from Rhizopus niveus was obtained from Miles 
Laboratories. Its purity was checked by testing it with 
lightly oxidized amylose (Marshall and Whelan, 1971). Hydrol­
yses were carried out by first dissolving 2.9 mg of enzyme in 
3.0 ml of buffer L by stirring in the cold overnight. This 
gave a solution with approximately 24 U/ml. Aliquots of 
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10 Ul volume (0.24 U) were added to dispersions of 30 mg of 
labeled amylose in 20 ml of buffer L. Incubation of the 
reaction mixture was done at 25®C and aliquots of two sizes 
were taken with time. Radioactive glucose being released in 
the reaction from the amylose was determined on 250 vl 
aliquots which were spotted on filter paper, dried with a 
stream of hot air and then eluted from the paper with water 
into scintillation vials. Counting was done using dioxane 
cocktail. The extent to which hydrolysis of the amylose had 
occurred was determined by measuring the reducing value of 
10 y1 aliquots with time. 
6. Isoamylase 
A solution of Pseudomonas isoamylase was provided by Dr. 
Keiji Kainuma. Starch was debranched by using this enzyme. 
Starch (50 mg) was dissolved in DMSO (1.0 ml) at 100®C. The 
solution was then dilated to 10 ml with buffer K. To this 
was added isoamylase (20 vil, 45 U) and the solution was held 
at 37°C for 24 hours with stirring. The reaction was stopped 
by heating to 100°C in a water bath (Kainuma et al., 1978). 
7. Bacterial saccharifying alpha-amylase 
Starch was degraded by bacterial alpha-amylase from 
Bacillus subtilis (Seikagaku Kogyo Co.). A sample of about 
50 mg of starch was dissolved in 1.0 ml of DMSO by heating 
at 100°C. The sample was then diluted with buffer G to 10 
ml. Addition of 0.1 U of enzyme in the same buffer and 
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incubation at 37°C under toluene for 24 hours gave a solution 
which was then subjected to paper chromatography (French 
et al., 1972). 
F. Analysis of Digest Products 
1. Scintillation counting 
Radioactivity in samples was determined by liquid 
scintillation counting. Samples were counted for ten minutes 
in a Packard Tri-Carb model 2425 scintillation counter using 
14 the gain and window settings pre-set at the factory for C. 
A dioxane based cocktail was used to count some aqueous 
samples (Bray, 1960). Naphthalene (60 g), PPO (4 g), POPOP 
(0.2 g), absolute methanol (100 ml) and ethylene glycol 
(20 ml) were dissolved in dioxane and brought to 1.0 1 volume. 
Sugar solutions of 2.0 ml volume were checked for radio­
activity by mixing with 15.0 ml of this solution, or cocktail 
and counting as described above. 
Other aqueous samples were counted using Packard Insta-
Gel cocktail. Samples were transferred to scintillation 
vials and their volumes brought to 5.0 ml by addition of 
distilled water. The addition of 15.0 ml of Insta-Gel 
followed by mixing by inversion produced a translucent gel in 
the vials. Counting proceeded as above. 
Dry samples on filter papers were counted using a toluene 
based cocktail. This was prepared by dissolving PPO (5 g) and 
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POPOP (200 mg) in toluene and bringing the solution to 1.0 1 
volume. 
2. Autoradiography 
The location of labeled compounds on paper and thin 
layer chromatograms was determined by autoradiography. 
Chromatograms were held against Kodak No-Screen x-ray film 
in standard film holding cassettes. After suitable expo­
sures, films were developed using the procedure recommended 
by Eastman Kodak. 
G. Starch Fractionation 
Starch was fractionated into its amylose and amylopectin 
components by first defatting it and rendering it dispersible 
in hot water by the use of DMSO (Banks and Greenwood, 1975), 
and then forming the TCE (1,1,2,2-tetrachloroethane) complex 
(French et al., 1963). About 300 mg of labeled starch in 
10 ml of buffer was poured into 90 ml of DMSO. This was 
stirred overnight at room temperature and then heated to 
boiling with stirring. The hot dispersion was poured into 
two volumes of n-butyl alcohol at room temperature with rapid 
stirring. After the starch precipitated, centrifugation at 
15,000 xg for 10 minutes pelleted it. The pellet was washed 
by resuspending it in 200 ml of methanol and recentrifuging. 
Four-fold repetition of this was found to bring the level of 
radioactivity in a 1.0 ml aliquot of supernatant down to 
background leve1. 
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The starch pellet was then dispersed in 1000 ml of water 
by autoclaving. It was filtered hot through a fine sintered 
glass filter to remove any insoluble material. The disper­
sion was then placed in a round bottom flask, heated by an 
electric mantle and subject to magnetic stirring. It was 
brought to the boiling point under reflux and 1.6 ml of TCE 
was added. The temperature was slowly reduced by slowly 
lowering the voltage applied to the heating mantle so that 
50®C was reached after 12 hours. At this point the mantle 
was turned off and the flask was allowed to cool slowly over­
night. 
The TCE-amylose complex was recovered by pelleting it in 
a centrifuge. It was washed by resuspension in 200 ml of TCE 
saturated water and centrifuging again. The amylopectin 
fraction was collected by mixing the supernatant above the 
WU. U.AJ. CkXX vvy U. L&liec C UaXClXAW J. • L, woo 
collected by centrifugation as above and washed with water. 
Both fractions were dried when necessary for storage by 
lyophilization. 
H. Synthesis of Inhibitors 
5'-Fluorosulfonylbenzoyladenosine (FSBA) and 5'-fluoro-
sulfonylbenzoyluridine (FSBU) were synthesized by the pro­
cedure of Colman et al., 1977. Adenosine (0.4 ramole) was 
dissolved in dry hexamethylphosphoramide (1.5 ml) at 50®C. 
Base 
+ 
H0CH2 
Base w 
Base: adenine or uracil 
)H 
Figure 2. Synthesis of FSBA and FSBU 
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The solution was cooled to room temperature. p-Fluoro-
sulfonylbenzoyl chloride (0.8 mmole) was added to this and 
stirred until dissolved. The mixture was allowed to stand 
at room temperature for 18 hours. Hexane (3.0 ml) was added 
to extract unreacted FSB-Cl. The lower layer was removed 
and treated with 4.0 ml of ethyl acetate-diethyl ether (1:1). 
FSBA precipitated readily and was collected on a Buchner 
funnel. It was dried under vacuum. FSBU product was 
extracted twice with 15 ml hexane. The oil which resulted 
was dissolved in 5.0 ml hot water. After standing overnight 
the product crystallized. FSBA melted at 147-150°C and FSBU 
melted at 128-130®C. Colman et al. reported the melting 
point of FSBA to be 149-150®C. 
Oxidized ADP and UDP (dial-ADP and dial-UDP) were pre­
pared by the periodate oxidation of ADP and UDP. The method 
used was that which has been used for adenosine and ATP 
(Hansske et al., 1974; Easterbrook-Smith et al., 1976). ADP, 
0.05 mmole, was dissolved in 3.0 ml of cold water and 
adjusted to pH 7.0 with sodium hydroxide. To this was added 
0.05 mmole of sodium metaperiodate dissolved in 2.0 ml of 
cold water. The mixture was stirred in the dark at 0®C for 
one hour. Unreacted periodate was consumed by the addition 
of two drops of ethylene glycol. Desalting of the product 
was performed on a column of Sephadex G-10. Elution was 
with distilled water at 4®C. Fractions were collected and 
î 8 
HO-^-P-O-CHa 
O" O" 
Bqse 
M. 
o o 
HCX-P-0-P-OÇH2 
i- 6-
OH OH 
Base: adenine or uracil 
Base 
Figure 3. Synthesis of dial-ADP and dial-UDP 
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monitored for product by checking absorption at 254 nm. The 
second half of the absorbing peak was discarded since it was 
possibly mixed with salts. Fractions of the first half were 
frozen and stored at -80°C. 
Purity of the inhibitors was verified by chromatography. 
Thin layer and paper chromatography of the products of these 
reactions showed only single spots, and these spots had 
mobilities different from the starting materials. 
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III. EXPERIMENTS AND RESULTS 
A. Glucosyl Nucleotide Exchange Reactions 
What is the immediate precursor of starch? Since the 
classic studies by Leloir it has been generally recognized 
that ADP-Glc and UDP-Glc are the high energy donors of 
glucosyl residues for starch biosynthesis in all plant 
species. The formation of these donors has been shown to 
occur by pyrophosphorylase reactions such as: 
ATP + Glc-l-P > ADP-Glc + PPi 
The reaction is not reversible due to the rapid removal of 
inorganic pyrophosphate by pyrophosphatases. Extensive 
studies have been made on the reactions forming sugar nucleo­
tides, but most of these have been done using mung beein 
seedlings, not corn endosperm. It has not been shown whether 
direct transfer of a glycosyl unit can occur from one glycosyl 
nucleotide to another nucleotide. This might be expected to 
occur since the free energies of hydrolysis of sugar nucleo­
tides are within about 0.5 kilocalories per mole of one 
another. If such exchanges can occur, the study of starch 
synthesis in crude extracts will be complicated by having a 
portion of a substrate converted to another substrate during 
the reaction. This would be a special hazard in studies of 
the specificity of the enzymes. 
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To test whether this sort of exchange reaction can occur 
14 in corn endosperm, experiments were conducted using C 
labeled ADP-Glc and UDP-Glc. These compounds were incubated 
with whole endosperm extract in the presence of 9.4 mM nucleo­
tides. After incubation at 37°C for one hour in buffer H, 
the reaction mixtures were chromatographed on paper in system 
D. Spots were located by autoradiography and exposure to an 
ultraviolet lamp. Those corresponding to the locations of 
compounds of interest were cut from the chromatograms and 
counted for radioactivity. The reactions studied were those 
shown in Table 4. In none of the cases was any radioactivity 
observed at the positions corresponding to the expected 
glucosyl nucleotide products. This was interpreted as showing 
that no exchange reactions were occurring. 
Table 4. Glucosyl nucleotide exchange reactions 
AMP + UDP-Glc* > ADP-Glc* + UMP 
ADP + UDP-Glc* > ADP-Glc* + UDP 
ATP + UDP-Glc* > ADP-Glc* + UTP 
UMP + ADP-Glc* 
UDP + ADP-Glc* 
UTP + ADP-Glc* > 
UDP-Glc* + AMP 
UDP-Glc* + ADP 
UDP-Glc* + ATP 
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B. Fate of Labels Going into Starch 
1. Partitioning into amylose and amylopectin 
As mentioned above, very little was known at the begin­
ning of these studies about the products formed during in 
vitro experiments in starch biosynthesis. In order to 
characterize these products, a set of experiments was per­
formed using labels to discover the fate of glucose that was 
transferred from ADP-Glc or UDP-Glc into starch. The first 
experiments were to determine how the labels were partitioned 
between amvlose and amylopectin. That is, how effective a 
sink for glucose is each of the components? The later experi­
ments were to determine where the labels go within the amylose 
and amylopectin molecules. 
In this first set of experiments whole endosperm prepara­
tions of several corn mutants were used to prepare labeled 
starch. The labeling was performed using experimental pro­
cedure E,l. Both ADP-Glc* and UDP-Glc* were used as glucosyl 
donors. This starch was then fractionated. The dried amylose 
and amylopectin were weighed into scintillation vials and 
counted for radioactivity. The specific activities of the 
starch fractions were calculated and these are shown in Table 
5. 
2. Branched products of the granule bound synthase 
Experiments were then performed on starches from normal 
com bound synthase preparations which had been labeled with 
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Table 5. Partitioning of labeled glucose into starch frac­
tions 
Genotype Donor 
Specific activity 
(cpm/mg) 
Amylose Amylopectin 
Normal ADP-Glc 8710 5563 
UDP-Glc 5509 257 
ae ADP-Glc 4072 1291 
UDP-Glc 2729 78 
su-1 ADP-Glc 6504 3879 
UDP-Glc 2648 189 
ADP-Glc* or UDP-Glc*. These experiments were to discover 
whether the new glucosyl units being added by the granule 
bound enzymes would be incorporated only into linear outer 
chains, or whether some units would go into the branched or 
points of the amylopectin. Looked at in another way, the 
experiments were to find whether any branching exzyme exists 
and is active in conjunction with synthase on washed starch 
granules. 
To this end granule bound synthase preparations were 
incubated four hours at 37®C with labeled substrates as 
described earlier. The starches were subsequently washed free 
of substrates by dissolving in DMSO and precipitating with 
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n-butanol. Hydrolysis of the starches with bacterial sac­
charifying alpha-amylase was carried out. 
The products of the hydrolysis were separated by paper 
chromatography in system E. Standards of glucose, maltose 
and 6^-alpha-glucosyImaltotriose (B^), prepared by hydrolysis 
of an unlabeled starch, were run alongside the experimental 
samples for comparison with the radioactive products. The 
side of the chromatograins which contained these products was 
cut into strips and counted in toluene cocktail. Results of 
these experiments are shown in Figure 4. 
A different way to approach whether labels get incorpor­
ated into branched material is to treat starch with a 
debranching enzyme and, sorting out the resulting chains on 
the basis of size, look for the labels in the smaller chains 
which came from the branched material. To do this, samples 
of granule bound synthase prepared as in the previous experi­
ment were used. The washed granules were labeled with ADP-
Glc* or UDP-Glc*, dissolved in DMSO, precipitated and washed 
free of substrate. These starches were then digested with a 
debranching enzyme—the isoamylase from a Pseudomonas species= 
The procedure used was given in Section E. 
Samples of the starches with and without the isoamylase 
treatment were applied in turn to a column of Bio-Gel P-10 for 
gel permeation chromatography. Aliquots of each fraction from 
the column were counted in dioxane cocktail. A sample of 
STRIP NUMBER 
Figure 4. Hydrolysate of starches using bacterial saccharifying alpha-amylase 
ADP-Glc* labeled; , UDP-Glc* labeled) 
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unlabeled bound synthase preparation was debranched in the 
same manner with the isoamylase and also chromatographed. 
Aliquots of each fraction were analyzed for total carbohydrate 
content by the phenol-sulfuric acid method. 
Figures 5 and 6 show the profile of radioactivity in the 
starches labeled from ADP-Glc* and UDP-Glc* respectively. The 
peaks correspond to the void volume of the column. 
The profiles of these same starches after debranching are 
shown in Figures 7 and 8. Superimposed on each of these is 
the response to the total carbohydrate assay of the unlabeled 
starch. The peak at the void volume is amylose, and the 
debranched amylopectin gives a bimodal distribution of shorter 
chains. These shorter chains have been reported to have mean 
degrees of polymerization of 15 and 50 (Gunja-Smith et al., 
1970). 
3. Location of amylose synthesis 
An experiment was conducted to determine the depth at 
which amylose synthesis occurs in the starch granule. In its 
synthesis of amylose, one can imagine the granule bound enzyme 
extruding glucan out of its active site into the granule. Not 
all of the newly formed chain would be exposed at the surface 
of the granule. In fact the bound synthase molecules them­
selves may be situated well below the surface of the granule. 
If that is the case, newly formed amylose would be pushed out 
into the granule's matrix by the enzyme and not be exposed at 
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tJne s-crrace at az^. The approacn ta^e- -o tm.s ceprn cr 
synthesis problem was to use the exolytic enzyme beta-amyiase 
tc examine tne surface cf labeled granules. 
Granules were labeled by incubating granule bound syn­
thase prepara-ion froxn normal com wizh AD?-Glc* or "D?-Glc* 
as described earlier. The labeling reactions were carried out 
for 15, 30 y 60 and 90 minutes. The granules, now containing 
label in their azzylose^ were treated wich beta-amylase for 
three days as described under experimental procedure E. They 
were then washed by repeated centrifugation and the maltose 
(in the combined supernatants) and the granules were both 
counted. The results of this experiment are in Table 6. The 
Table 6. Release of label from crannies with beta-amvlase 
Incubation Net count rate (com) 
Percentage of 
total counts 
Substrate (min) Malrose Granules Total Maltose Granules 
ADP-Glc 15 940 14877 15817 5.9 94.1 
30 1474 22054 23528 6.3 93.7 
60 2296 39255 41551 5.5 94.5 
90 2668 45123 47791 5.6 94.4 
UDP-Glc 15 424 3002 3426 12.4 87.6 
30 784 7448 8232 9.5 90.5 
60 1054 15802 16856 6.3 9 3.7 
90 1318 23279 24597 5.4 94.6 
net counting rates of the maltose released by the amylase and 
that of the granule residues are shown. The percentages shown 
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are the percentages of the total radioactivity of each trial 
that went into the maltose or into the granule residue. 
To investigate the distribution of label in the maltose 
being released, parallel experiments were run with only sixty 
minutes labeling times. The beta-amylase treatment was used 
on the washed granules as described previously and the maltose 
was isolated by streaking the supernatant of the amylase 
digest onto paper and chromatographing in system B. The area 
corresponding to maltose was eluted with water and the 
collected maltose samples were reduced with sodium boro-
hydride. Hydrolysis of the maltitol into glucose and sorbitol 
was performed. Paper chromatography of this mixture in system 
C gave separated halves of the maltose which could be counted 
for radioactivity. Table 7 shows the net counts obtained for 
these samples. 
Table 7. Determination of labeling pattern of maltose 
released from granules 
Net Count 
(cpm) 
Rate Ratio of 
Rates 
Substrate Glucose Sorbitol (Glucose/Sorbitol) 
ADP-Glc 173 88 1.96 
UDP-Glc 450 241 1.87 
To aid in the interpretation of these experiments with 
beta-amylase an investigation was made of the extent of 
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action of this enzyme on native (_i.e. ungelatinized) starch 
granules. In as much as the literature is lacking studies 
with sweet potato beta-amylase and corn starch granules, a 
new determination of the extent of reaction was made. Granule 
bound synthase preparations (62.5 mg, labeled one hour) were 
incubated with beta-amylase as before. A control was run 
under identical conditions with no enzyme present. After the 
incubation period the starch granules were centrifuged and 
aliquots of the supernatants were analyzed for reducing sugar. 
The control contained 61.5 yg maltose equivalents and the 
digest contained 575 yg maltose equivalents. The 514 yg 
maltose equivalents difference due to the action of enzyme on 
the granules was divided by the 62.4 mg of starch present in 
each assay mixture and multiplied by 100 to give the percent 
hydrolysis by the enzyme. This value was 0.82%. 
C. Direction of Chain Growth of Amylose 
The most interesting question concerning the fate of 
glucose being incorporated into starch is that of how the 
amylose fraction is formed. Two hypotheses have been offered 
as to the direction of this formation. Glucosyl units could 
be added to either the reducing end of amylose, as in some 
bacterial polysaccharides, or to the non-reducing end. The 
actual direction of chain growth of amylose was determined by 
the use of the following scheme. Granule bound synthase 
preparation was incubated with TTDP-Glc* to nrovide labeling 
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of the sunylose fraction. To obtain only the high molecular 
weight portion of the amylose in the preparation, the starch 
was debranched with isoamylase and the hydrolysate was 
subjected to gel permeation chromatography. The high molec­
ular weight material which eluted in the void volume of the 
colume was taken as amylose. Glucoamylase was then used to 
degrade the amylose from the non-reducing end. Aliquots of 
the treatment mixture were streaked on paper and water was 
used to elute the glucose released by the glucoamylase into 
scintillation vials. Aliquots were also taken during the 
amylase digestion and analyzed for reducing value. 
By knowing the specific activity of the glucose being 
released from the non-reducing end of the amylose during 
stepwise degradation the direction of chain growth can be 
easily deduced. From the reducing value and the amount of 
amylose used in the glucoamylase reaction, the extent of 
hydrolysis at each point in the reaction can be determined. 
From reducing value and the radioactivity in free glucose one 
can find the specific activity of the glucose released. If 
the amylose is synthesized at the reducing end, the specific 
activity of the glucose will rise with time. If amylose is 
synthesized at the non-reducing end, the specific activity 
will drop rapidly to some low value. A plot of specific 
activity versus percent hydrolysis will then show the direc­
tion of synthesis. Figure 9 shows such a plot. From this it 
50 
Percent Hydrol 
Figure 9. Non-reducing end degradation of labeled amylose 
with glucoamylase 
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is apparent that the label introduced by the granule bound 
synthase is situated at the non-reducing end of the amylose. 
It was thought desirable to verify the direction of 
elongation of oligosaccharides by the granule bound synthase. 
A study was made of this by using reducing end labeled 
maltose, maltotriose and maltotetraose. These compounds were 
incubated with granule bound synthase preparation and both of 
the glucosyl donors in unlabeled form. Subsequent reduction 
and hydrolysis of the oligosaccharides that resulted from 
these reactions gave glucose and sorbitol that could be 
separated by paper chromatography. The radioactivity level 
in reducing end units of the oligosaccharides would tell to 
which end of the compound a new glucosyl unit had been 
donated. Such data appear in Table 8. If new units had been 
Table 8. Determination of direction of elongation of oligo-
D. Oligosaccharide Synthesis 
saccharides 
Product 
Oligosaccharide Glucosyl Donor 
Net Count Rate 
(cpm) 
Glucose Sorbitol 
Maltotriose ADP-Glc 
UDP-Glc 
119 
124 
9958 
4802 
Maltotetraose ADP-Glc 
UDP-Glc 
34 
27 
7968 
2844 
Maltopentaose ADP-Glc 
UDP-Glc 
15 
12 
789 
345 
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added to the reducing end of the oligosaccharides the sorbitol 
would not be radioactive. If new units had been added to the 
non-reducing ends the sorbitol would be radioactive. 
0-0* + ADP-Glc or UDP-Glc > O-O*-0 
0-0* + ADP-Glc or UDP-Glc > 0-0-0* 
E. Dual Specificity of Granule Bound Synthase 
Experiments were designed to resolve whether the granule 
bound activity that produces amylose is a single enzyme or 
two enzymes. As an approach to this problem potential inhib­
itors of the bound synthase were made. Two such inhibitors 
were analogs of ADP-Glc and two were analogs of UDP—Glc. The 
goal was to see whether the analogs of ADP-Glc would inhibit 
synthesis with that substrate more than synthesis with UDP-
Glc, and whether UDP-Glc analogs would show a preferential 
inhibition. 
Oxidation of ADP and UDP with periodate gave dial-ADP 
and dial-UDP. With the ribose derived aldehyde groups at the 
2* and 3' positions it was hoped that these compounds might 
fit in the active site of the bound synthase and form a 
Schiff base with any adjacent amino groups. Incubation of 
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the analogs with synthase followed by treatment with sodium 
borohydride might reduce any Schiff bases formed and thereby 
block the binding of substrates to the enzyme. To distin­
guish from simple competitive inhibition the inhibitors were 
compared with ADP and UDP incubated preparations, also boro­
hydride reduced. 
For the actual assays small vials were used with 30.0 
mg granule bound synthase in each, Aliquots of 500 ul of 
ADP, UDP, dial-ADP or dial-UDP (2.5 x 10~^ moles in water) 
were added. The samples were mixed by vortexing. After 
incubation at 40®C for 20 minutes sodium borohydride was added 
(0.1 mmole in 100 yl). Another incubation at 40®C for 10 
minutes then provided reduction of any Schiff bases. Centri-
fugation four times from 3.0 ml of cold buffer A gave granules 
ready for assaying. 
The effect of the inhibitors was measured by use of 250 
yl of buffer and 50 yl of ADP-Glc* or UDP-Glc*. Substrate 
concentrations were 5.5 yM. Reactions were stopped after 5, 
10 and 40 minutes. Table 9 shows the net count rates 
obtained from these assays and Figure 10 shows the plots of 
these results. The lines in the Figure were drawn by the 
linear regression method and all have correlation coeffi­
cients of 0.996 or better. 
Another set of experiments was performed using inhibitors 
of another type. These were also designed to be active site 
Table 9. Inhibition by periodate oxidized nucleotides 
Substrate Addition 
Net 
5 iTiin 
Count Rate 
10 min 40 min 
Slope 
(cpm/min) 
Percent 
Inhibition 
ADP-Glc ADP 6 4 6 6  13051 51975 1299 
dial-ADP 4580 9565 38312 962 26 
ADP-Glc UDP 9704 19481 77670 1941 
dial-UDP 9580 19228 76909 1823 0.93 
UDP-Glc ADP 2915 5894 23688 593 
dial-ADP 3038 6129 24623 616 -3.9 
UDP-Glc UDP 216 El 4374 17631 442 
dial-UDP 1465 3069 12194 306 31 
Ul 
4:^ 
Figure 10. Inhibition tests of oxidized nucleotides 
Substrate used in A and B was ADP-Glc*. 
Additions used in A were ADP (o) or dial-ADP 
(•). Additions in B were UDP (o) or dial-UDP 
(a) . 
Substrate used in C and D was UDP-Glc*. 
Additions used in C were ADP (o) or dial-ADP 
(•). Additions in D were UDP (o) or dial-UDP 
(O). 
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directed. They were to contain a reactive group susceptible 
to nucleophilic attack by the enzyme, with this group 
situated roughly at the same distance from the 5' end of the 
ribose of adenosine or uridine as the phosphate ester linkage 
to the glucose in ADP-Glc and UDP-Glc. Such inhibitors 
could be made from p-fluorosulfonylbenzoyl chloride (FSB-Cl). 
FSB-Cl was reacted with adenosine and uridine to produce 
PSBA and FSBU. These compounds were checked for inhibition 
of starch synthesis in assays nearly identical to those used 
for the dialdehyde nucleotides except that no reduction was 
necessary. The buffer used for FSBA and FSBU contained di­
me thy If ormamide (buffer B). This was due to the limited 
solubilities of such compounds in water. Reaction conditions 
for the assays were the same as for the dialdehyde inhibitors 
with the exception of the buffer difference, and the controls 
bszng used. The controls were adenosine and ur%d%ne. The 
results obtained for the sulfonyl fluoride inhibitors were 
somewhat similar to those obtained above. The net counts in 
the starch at each time point are shown in Table 10. Plots 
of the data are in Figure 11. Slopes were calculated as 
previously. 
A summary of these inhibitor experiments is shown in 
Table 11. Positive inhibition is indicated by a marked 
decrease in the slope oZ the time course plot of an assay with 
Table 10. Inhibition by sulfonyl fluoride analogs 
Net Count Rate Slope Percent 
Substrate Addition 5 min 10 min 40 min (cpm/min) Inhibition 
ADP-Glc Ado 4228 8665 34950 877 
FSBA 2943 5869 23925 600 32 
ADP-Glc Urd 5570 11164 44854 1123 
FSBU 5596 11271 45506 1140 -1.5 
UDP-Glc Ado 1407 2848 11553 290 
FSIBA 1268 2604 10509 234 19 
UDP-Glc Urd 1465 2963 12060 303 
FSBU 719 1477 6077 153 50 
Figure 11. Inhibition tests of sulfonyl fluorides 
Substrate used in A and B was ADP-Glc*. 
Additions used in A were Ado (o) or PSBA (o). 
Additions used in B were Urd (o) or FSBU (•). 
Substrate used in C and D was UDP-Glc*. 
Additions used in C were Ado (o) or FSBA (o). 
Additions used in D were Urd (o) or FSBU (o). 
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Table 11. Summary of inhibition patterns 
Inhibitor Substrate Inhibition 
dial-ADP ADP-Glc ++ 
dial-UDP ADP-Glc 0 
dial-ADP UDP-Glc 0 
dial-UDP UDP-Glc ++ 
FSBA ADP-Glc ++ 
FSBU ADP-Glc 0 
FSBA UDP-Glc + 
FSBU UDP-Glc +++ 
0, insignificant inhibition (<15%); +, moderate inhibition 
(15-25%); ++, strong inhibition (25-45%); very strong inhibi­
tion (>45%). 
active site directed inhibitor present, as compared with a 
control competitive inhibitor present at the same concentra­
tion. 
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IV. DISCUSSION 
A. ADP-Glc and UDP-Glc as Glucosyl Donors 
It was believed essential to this research to be aware 
of any side reactions that might confuse the interpretation 
of the results. It is possible to write a set of reactions 
such as those shown in Table 4 which would bring about the 
interconversions of glucosyl donors. The actual occurrence 
of any of these reactions might cause a label introduced into 
a starch synthesizing system as ADP-Glc* to be converted to 
UDP-Glc* which could then serve as the actual substrate for 
a synthase. A search of the literature revealed that no tests 
for such reactions had been reported. These reactions were 
tried here with endosperm extracts to see if any intercon­
versions had been overlooked by other workers. Since the 
reactions were not seen to occur it must be concluded that 
such interconversions are unlikely in this tissue. This 
supports the belief that ADP-Glc and UDP-Glc are the true 
glucosyl donors in starch biosynthesis. At least they are 
the true glucosyl nucleotide donors. Some workers believe 
that phosphorylases are the enzymes responsible for starch 
synthesis vivo. A review of this belief has been made by 
Badenhuizen (1969) and a recent discussion of the matter has 
been made by deFekete and Vieweg (1974). Other workers have 
demonstrated that the levels of synthase activity found in 
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developing corn endosperm are sufficient to account for all of 
the starch synthesis observed (Ozbun et al., 1973). 
B. Products of Starch Synthesizing Systems 
As was mentioned earlier the partitioning of labels from 
ADP-Glc and UDP-Glc into amylose and amylopectin has been 
little studied. The experiments described here with normal 
corn and two mutants show how this partitioning occurs. In 
Table 5 we see that for the normal endosperm the specific 
activity of amylose was higher for both donors. Since the 
amylose fraction represents 27% of this starch by weight 
(Creech, 1968) the majority of the ADP-Glc was used for amylo­
pectin synthesis. The majority of the UDP-Glc was used for 
amylose synthesis however. Amylopectin is supposed to be 
made by the soluble synthase, which uses ADP-Glc only (Tsai, 
1974). The finding of radioactivity from UDP-Glc in amylo­
pectin here implies that the fractionation used is not 
perfectly effective. The fractionation procedure gave a pure 
amylose but a somewhat impure amylopectin (French et al., 
1963). This label found in the amylopectin is probably an 
artifact of the fractionation then. The results are about 
what should be expected otherwise. 
For the cunylose extender starch the percentage of amylose 
has been reported to be 61% (Creech, 1968). Much more amylose 
synthesis than amylopectin synthesis should be taking place 
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and that is what the table shows. The ratio of specific 
activities of amylose to amylopectin here is higher than for 
the normal samples. About 60% of the total label incorporated 
into the starch in this experiment went into the amylose. 
The third mutant used was sugary. Its starch is 29% 
amylose (Creech, 1968) or essentially the same as for normal. 
The figures obtained here are again what would be expected. 
Amylose and amylopectin have apparently been made during 
these labeling reactions at rates roughly proportional to the 
amount of each fraction present. Grinding of the tissue does 
not appear to have disrupted the machinery for starch syn­
thesis very much. 
The details of where exactly these labels go into the 
starch was investigated by the use of bacterial saccharifying 
alpha-amylase. Digestion of labeled starch with this enzyme 
showed no label in branched oligosaccharides. The aim of 
this experiment was to see if the granule bound synthase does 
make only amylose. If branched amylopectin were made, treat­
ment with the amylase would produce a branched radioactive 
oligosaccharide from the branch points. As seen in Figure 4 
no such oligosaccharide was found. This supports the view 
that only linear glucan chains are made by the granule bound 
enzyme. 
A somewhat different experiment gave quite different 
results. l"7hen starch labeled with the bound enzyme was 
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treated with a debranching enzyme, gel permeation chromatog­
raphy showed that some label had been incorporated into 
amylopectin. Figures 5 and 6 show that the labeled starch 
was of high molecular weight and that the labeled material 
was almost entirely excluded from the column. After de-
branching the starch a long tail appeared on each of the 
profiles (Figures 7 and 8). These tails comprised a signi­
ficant fraction of the radioactivity of those starch samples. 
The areas under tails are about equal to the areas under the 
sharp amylose peaks. This tail material cannot be from short 
amylose chains, or adsorption to the column, as it would have 
appeared in the gel permeation profiles before debranching. 
It must correspond to a branched material since debranching 
reduced its molecular size. If it corresponded to amylo­
pectin outer chains being uniformly elongated by the bound 
ST TV* a o ô •? 4- ^V>o 4- a 4 1 1 <4 V>o a 
smooth curve, but would have a bimodal distribution as does 
the debranched amylopectin, Amylopectin itself is debranched 
to give the material shown in the figures with chains falling 
in two populations with mean degrees of polymerization of 15 
and 50. Thus, the bound enzyme did not carry out simple 
elongation of the most populous amylopectin chains. 
An explanation for these tails lies in the following. 
The bound synthase used amylopectin as primer. Elongation of 
the chains followed with no branching enzyme present in the 
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washed granules to act on the product. The resulting material 
was of high molecular weight and would resemble amylose in 
gel permeation chromatography. It would be lightly branched 
at one end however, and would be converted to shorter amylose-
like chains by action of the debranching isoamylase. Such 
material would be expected to give a smooth range of molecular 
sizes as appear in the tails on the amylose peaks. Also, this 
material would have no label in branch points since branched 
chains had only served as primers for its synthesis. It would 
give label only in glucose and maltose on reaction with the 
alpha-amylase. 
Such elongated but branched material would probably form 
a complex with TCE. During fractionation of starch it would 
be found with the amylose rather than the amylopectin. 
I suggest then that the granule bound synthase is 
capable of using amylopectin of its starch as primer for 
synthesis of a glucan with long outer chains. 
The location of the granule bound synthase on or in the 
granules has not been established. I believe that this 
location may be indicated by the experiment where beta-amylase 
was used to release label from granules. In that experiment 
washed granule preparations were incubated with ADP-Glc* and 
UDP-Glc* to produce labeled amylose. Prolonged treatment with 
beta-amylase would be expected to release the label as 
maltose if the bound synthase were at the surface, as shown in 
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Figure 1. Surface labeling does not seem to be a suitable 
model for what actually happens. The amylase is capable of 
0.82% hydrolysis of native starch granules. Obviously it 
cannot penetrate into the granules but merely attacks chains 
exposed at the surface of the granule. From the data shown 
in Table 6 it is not attacking very much of the newly made 
chains. This implies that if the synthase occurs at the 
surface of the granule, synthesized material is pushed 
into the granule making it inaccessible to the beta-amylase. 
Another possible interpretation is that the synthesis is not 
all occurring at the surface. A large percentage of the 
interior of starch granules is open space accessible to mole­
cules with molecular weights below 1,000 (Brown and French, 
1977). It is possible that during the course of granule 
growth synthase molecules attached to the surface become 
engulfed by starch and become trapped within the granule. 
Glucosyl donors could still diffuse into the granules and be 
used by the enzyme. This would also make the newly formed 
chains inaccessible to beta-amylase. 
The results obtained in this experiment support the first 
implication. Using either substrate only a few percent of the 
newly formed chain is susceptible to amylase action. The 
amylose must be somehow extruded into the granule to cause 
this. There is a difference between the results with the two 
substrates however that should be accounted for. If synthesis 
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occurred below the surface of the granule one would expect 
that the percentage of newly synthesized chain that would be 
susceptible to beta-amylase would decrease with the length of 
time of labeling. Diffusion of a labeled substrate into a 
granule takes time. If synthase does not occur in active 
form below the surface, no such effect should be seen. 
Results here show that no apparent time dependence suscepti­
bility to beta-amylase for chains made from ADP-Glc. The 
percentage of total counts released as maltose is apparently 
independent of labeling time. Results with UDP-Glc as 
substrate were different. The expected trend is observed. 
The longer the labeling took place the less the label is 
available for beta-amylolysis. 
Since the granule bound synthase is supposed to use both 
substrates it seemed unusual to find this difference in how 
the substrates were used. 
The distribution of label between the ends of the maltose 
released in this experiment is shown in Table 7. It implies 
that the label that has been released by beta-amylase was 
primarily at the non-reducing ends of chains. If only very 
long chains had been synthesized the ratios of labeling would 
have been much higher. This has been interpreted as meaning 
that much of the label that has been released represented 
label introduced as single glucose units onto primer chains 
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at the surface of the granules. The bulk of the synthesis 
probably occurs below the surface of the granules. 
The direction of chain growth of amylose was interesting 
to determine. The greatest mystery of starch biosynthesis is 
the simultaneous synthesis of the linear and branched frac­
tions. Why amylose remains unbranched in the presence of a 
branching enzyme has never been explained (Banks and 
Greenwood, 1975). A mechanism for this has been proposed by 
French (French, 1972). If the synthesis of amylose takes 
place at the reducing end of the molecule the chains produced 
would have the opposite orientation to a soluble branching 
enzyme than amylopectin chains would. Consider the scheme 
in Figure 1. If the amylose were synthesized at the reducing 
end it would have the opposite polarity at the surface to 
that of amylopectin. If the branching enzyme could only make 
branches by transfer of a segment of parallel chains, the 
amylose made in this fashion could never become branched. 
Precedent for synthesis at the reducing end of polysacchar­
ides has been found for several bacterial polysaccharides 
(Robyt, 1979) and the polarity of synthesis of biopolymers in 
general has been discussed (Lipmann, 1968). 
The results shown in Figure 9 show conclusively however 
that this mechanism does not apply to amylose. The specific 
activity of the glucose released by glucoamylase action drops 
rapidly because the labeled glucose had been incorporated 
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into the non-reducing end of the chains. If label had been 
at the reducing end, the specific activity here would have 
been zero initially and would have risen slowly during the 
hydrolysis. 
C. Oligosaccharide Synthesis 
The granule bound synthase can use oligosaccharides as 
well as starch as primers (Leloir et al., 1961). Results 
shown in Table 8 make it clear that when such action occurs 
the elongation takes place at the non-reducing end of the 
oligosaccharides. Using these reducing end labeled primers, 
products were formed which still have label exclusively in 
their reducing ends. The apparent radioactivity seen in 
glucose was probably due to trailing of sorbitol on the paper 
chromatograms. Sorbitol moves faster than glucose in the 
solvent system used (Robyt. 1975). 
D. Inhibitor Studies 
It was shown earlier in this dissertation that the bound 
synthase gave somewhat different results with ADP-Glc as a 
substrate than with UDP-Glc. A recent report in the litera­
ture has claimed that there are actually two granule bound 
synthases, and that they differ in their Michaelis constants 
for the two substrates (Nelson et al., 1978). From the 
results seen in my experiments with inhibitors of the bound 
synthase I propose that there are indeed two such synthases. 
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One bound synthase uses ADP-Glc as a substrate and one uses 
UDP-Glc. The pattern of inhibition shown in Table 11 indi­
cates clearly that when an analog of ADP-Glc is used, inhibi­
tion is stronger with ADP-Glc as a substrate than with UDP-
Glc as substrate. The corresponding pattern is also seen for 
analogs of UDP-Glc. From the structure of these substrates 
it is hard to imagine how an enzyme could bind to both readily 
and yet fail to bind to other glucosyl nucleotides (Frydman 
and Cardini, 1965). Figure 12 shows that the purine and 
pyrimidine rings really do not look much alike. 
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Figure 12. Glucosyl donors for starch biosynthesis 
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V. CONCLUSIONS 
Answers to three questions asked about starch biosyn­
thesis have been provided by this dissertation. 
What is the fate of glucose in starch biosynthesis 
reactions performed vitro? The granule bound synthase 
of corn endosperm was studied and found to use both malto­
oligosaccharides and amylopectin as primers. Products of 
such reactions are longer maltooligosaccharides, and amylo­
pectin with longer outer chains. The granule bound enzyme 
seems to make products inside starch granules as well as at 
their surface. 
What is the direction of chain elongation of starch? 
Maltooligosaccharides and the starch fractions all seem to be 
elongated at their non-reducing ends. 
Does the granule bound synthase have specificity for both 
ADP-Glc and UDP-Glc? Evidence was given that two granule 
bound synthases exist. One of these uses ADP-Glc and the 
other uses UDP-Glc as substrate. 
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Figure 12. Contour map for H. pensylvanleus showing the distribution of 
individuals in an Ames, Iowa cornfield from August 15-21, 
1975. Numbers indicate the number of beetles captured 
within the contour boundaries. 

Figure 13. Contour map for H. pensylvanicus showing the distribution of 
individuals in an Ames, Iowa cornfield from August 22-25, 
1975. Numbers indicate the number of beetles captured 
within the contour boundaries. 
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Correlations Between Specie's and Sexes 
Pterostichus chalcites and substriatus were both prominant 
members of the corn ecosystem,active at the same time of the summer, 
and predaceous. Because substriatus is more than twice as large 
as 2» chalcites, substriatus may occasionally prey on P. chalcites 
or at least compete with it for food. Thus, it would not be surprising 
to see differences in distribution between these two species within a 
cornfield. But distribution maps, however, failed to show obvious differ­
ences. This may partially be due to the fact that the data were pooled, 
because, when numbers of chalcites and substriatus captured during 
an individual trapping period were compared statistically, there were 
significant negative correlations (Table 18). Out of 14 individual 
trapping periods analyzed, only 2 (June 21-22 and June 23-24) failed to 
show a significant negative correlation at the 0.01 level. 
The seasonal activity of H. pensylvanicus and 2- chalcites adults 
also overlap, although the overlap is not as great as between 2- chal­
cites and substriatus. These two species are nearly the same size, 
although H. pensylvanicus is slightly larger, and probably more herbiv­
orous (Best and Beegle 1977). Comparing the number of beetles captured 
in each trap per trapping period gave significant (P £ 0.01) negative 
correlations between the distributions of these two species (Table 19). 
This may represent a difference in habitat preference which is related 
to food preference. 
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Table 18. Correlations of spatial distributions between chalcites and 
S. substriatus over time based on those traps which caught at 
least one (1) beetle. 
Date Correlation Coefficient Degrees of Freedom 
June 3-4 - 0.362 ** 68 d .f. 
June 5-6 - 0.582 ** 26 d.f. 
June 7-10 - 0.573 ** 62 d .f. 
June 11-12 - 0.415 ** 44 d .f. 
June 14-16 - 0.471 ** 63 d.f. 
June 17-18 — 0.480 ** 26 d .f. 
June 19-20 - 0.607 ** 20 d .f. 
June 21-22 - 0.240 20 d .f. 
June 23-24 - 0.238 34 d.f. 
June 25-30 - 0.583 ** 38 d.f. 
July 1-2 - 0.638 ** 34 d.f. 
July 4—6 - 0.669 ** 28 d.f. 
July 7-8 - 0.306 ** 78 d.f. 
July 9-10 — 0.668 ** 32 d .f. 
July 11-12 - 1.000 ** 18 d.f. 
July 14-15 - 0.624 ** 35 d .f. 
** Significant at the 0.01 level. 
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Table 19. Correlations of spatial distributions between chalcites and 
H. pensylvanicus over time based on those traps which caught 
at least one (1) beetle. 
Date Correlation coefficient Degrees of freedom 
Aug. 12 - 0.428 ** 95 d.f. 
Aug. 13 - 0.428 ** 89 d.f. 
Aug. 20 - 0.506 ** 55 d.f. 
** Significant at the 0.01 level. 
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Although it is not surprising to see negative correlations between 
species, it was surprising to see that numbers of male and female _P. 
chalcites captured per trap per sampling period were significantly 
negatively correlated (Table 20). From June 26-July 24, every sampling 
period showed a significant negative correlation between the number of 
male and female ]P. chalcites captured. One explanation for this negative 
correlation between sexes may be that females may actually repel males 
to prevent males from consuming eggs at the time of laying as has been 
observed for a related species, 2- lucublandus (Kirk and Dupraz 1972). 
Correlations between numbers of male and female H. pensylvanicus 
captured showed little if any real significance (Table 21). The signif­
icant negative correlation on August 29 may simply be the result of 
sampling errors. 
Dispersal 
Due to the nature of the design, only a minimum dispersal rate 
could be recorded. Beetles which dispersed out of the grid were not 
trapped and this fact necessarily biased the data. Even if traps were 
placed in such a manner as to record maximum dispersal, there is no way 
to know whether a beetle traveled in a straight line to the trap or zig­
zagged its way several times across the grid. Thus, a dispersal of 100 m 
may have required 300 m of travel. 
Pterostichus chalcites 
The maximum distance traveled by IP. chalcites was 91 m/day. Most 
2" chalcites, however, dispersed relatively little. The average, based 
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Table 20. Correlations of spatial distributions between 2- cbalcites 
males and females over time based on those traps which caught 
at least 1 beetle. 
Date Correlation Coefficient Degrees of Freedom 
June 11-12 0.074 33 d.f. 
June 14-16 - 0.378 15 d.f. 
June 17-18 - 0.281 24 d.f. 
June 19 - 0.295 16 d.f. 
June 26 - 0.440 * 27 d.f. 
July 7 - 0.331 * 57 d.f. 
July 14 - 0.721 ** 17 d.f. 
July 16 - 0.674 ** 25 d.f. 
July 17 - 0.649 ** 28 d.f. 
July 18 - 0.615 ** 23 d.f. 
July 22 - 0.409 * 25 d.f. 
July 23 - 0.828 ** 32 d.f. 
July 24 - 0.555 ** 33 d.f. 
July 25 - 0.486 14 d.f. 
July 31 - 0.079 13 d.f. 
Aug. 6 - 0.064 13 d.f. 
Aug. 12 - 0.506 * 22 d.f. 
Aug. 13 - 0.277 42 d.f. 
* Significant at 0.05 level. 
** Significant at 0.01 level. 
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Table 21. Correlations of spatial distributions between H. pensylvanicus 
males and females over time based on those traps which caught 
at least one (1) beetle. 
Date Correlation Coefficient Degrees of Freedom 
Aug. 12 - 0.339 ** 70 dif. 
Aug. 13 - 0.117 133 d .f. 
Aug. 15 0.206 44 d.f. 
Aug. 20 - 0.017 84 d.f. 
Aug. 25 - 0.019 71 d .f. 
Aug. 27 0.093 56 d.f. 
Aug. 29 0.407 ** 62 d .f. 
** Significant at the 0.01 level. 
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on 92 observations, was 8.5 m/day. One beetle dispersed less than 46 m 
in more than 33 days. Beetles were captured on the average of 14 days 
after release. However, several beetles were captured more than 40 days 
after release, and it was not uncommon for beetles to be captured three 
or four times. This suggests that the population as a whole was fairly 
stable and that not much dispersal out of the area was occurring. Dis­
tribution maps (Figures 4-6), indicate that a slow dispersal out of the 
grid may have occurred late in the summer. Movement of chalcites 
within the grid seemed to be fairly random. There was no observed 
tendency to disperse in any particular direction, although beetles 
apparently avoided the southeast corner after early-to mid-July (Figure 
14). 
Scarites substriatus 
The maximum distance traveled by S^. substriatus was 65 m/day, with 
an average of 12.2 m/day, (63 observations). Many £. substriatus dis­
persed relatively little, one beetle traveling only 41 m in 62 days, and 
several beetles were captured up to three times. Beetles were captured 
on the average of 14 days after release. This suggests that S^. sub­
striatus did not readily disperse out of the area. Toward the end of the 
summer; there may have been some dispersal toward the more favorable 
northern part of the field and into the area adjoining the arboretum 
(Figure 9). However, so few beetles were captured during August that it 
is difficult to determine whether this is the case or not. Dispersal 
within the grid seemed to be random. 
Figure 14. Dispersal pattern for chalcites in an Ames, Iowa cornfield 
from July 7-25, 1975. 
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Harpalus pensylvanicus 
Based on 19 recaptures, the maximum recorded distance traveled by 
H. pensylvanicus was 25 m/day. The average dispersal distance was 10.2 
m/day. Such low figures may not reflect the true dispersal rate for this 
species because very few beetles were recaptured, which suggests that 
they may have left the grid entirely. If this is the case, captures 
would only reflect random short distance movements within the grid 
and not true dispersal. Movement within the grid appeared to be random 
for this species. Distribution maps (Figures 10-13) and border trapping 
data (Figure 3) suggest that H. pensylvanicus may have dispersed into 
the grid from border areas. 
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DISCUSSION 
Capture-Recapture Population Estimate 
Several authors (Nelson 1970, Manga 1972, Ericson 1977) have used 
marking methods (branding and scraping of the elytra) which are similar 
to the method employed in this study. They concluded that such marking 
had no effect on vitality or survival. The longevity of marked individ­
uals (over 2 mo.) in this study seems to support this conclusion. 
Cormack (1972) states that if physical damage does occur during marking, 
then there is consequent reduction in the probability of survival. 
Although the estimates of population density will not be affected, sur­
vival rate will overestimate natural mortality and hence the number of 
new beetles joining the population will be underestimated. 
In the case of substriatus and chalcites, survival rates 
seem to be fairly high, indicating that unusual mortality was not 
occurring. For substriatus there was almost no mortality observed in 
June and only moderate mortality during July and August. During one 
sampling period, however, (July 5-8) the survival rate was exceedingly 
low. This may have been the result of excessive mortality due to 
marking or it may have been due to the misreading of some marks. 
Estimates of survival for 2» chalcites compare favorably with those 
published for Pterostichus cupreus (L.) and P. melanarius (111.) by 
Ericson (1977). The unusually low survival rate for chalcites 
during July 23-24 may have been the result of excessive mortality due 
to marking or may have been due to marks being misread. No conclusions 
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about the survival rate of H. pensylvanlcus can be drawn because the 
data was too incomplete and erratic. 
For all three species, there are cases where the survival rate 
exceeds 1.0000. This is in most cases due to survival rates being 
greater than 1.0000 due to small sample biases at low sampling inten­
sities (Carothers 1973). In those cases which the survival rate greatly 
exceeds 1.0000, such as August 5-15, for substriatus and August 15-18, 
for H. pensylvanicus, there may be a more serious error such as marks 
being misread (Southwood 1978). 
Low sampling intensities may also lead to unusually high values 
for total population (Carothers 1973; Ericson 1977), or the total 
population may be overestimated due to reimmigration (Ericson 1977). 
Thomas and Sleeper (1977) state that Jolly's (1965) method may overesti­
mate the population size due to a violation of the equal risk of capture 
assumption, which Carothers (1973) states, probably never occurs. 
Although these problems may exist, the population densities of the 
three species in this study are no greater than population estimates 
of other carabid species studied. Kirk (1971) visually estimated that 
there were from 4,000-6,200 H. pensylvanicus per acre in several corn­
fields in South Dakota. Based on capture-recapture analysis, Ericson 
(1977) estimated 0.64 Pterosticus cupreus (L.)/m^ in 1969 and 2.5/ 
m^ in 1970. Manga (1972) estimated populations of Nebria brevicollis 
(F.) to vary from 0.13-0.39/%"^ during 1967-68. Thiele (1977) states that, 
in general for larger carabids, one individual per m is the rule, while 
for medium sized carabids, the density is usually a few to less than 
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10 per m . It would appear from these figures that either the popu­
lation densities of this study are underestimates or, that these species 
are not as numerous as some of the other carabids studied. 
The rather poor correlation for P. chalcites and H. pensylyanicus 
between the relative numbers captured (based on simple pitfall trapping) 
and the absolute estimates of population density (based on capture-
recapture) supports the contention that pitfall trapping does not 
adequately reflect population size. 
Standard errors of population estimates in this study are quite 
large. As was already mentioned in the Results section, standard errors 
are slightly correlated with the numbers being estimated; thus, larger 
estimates have larger standard errors. Roff (1973) considers a 
coefficient of variance of 10% to be the acceptable level of accuracy 
for a population estimate. Thomas and Sleeper (1977) state, however, 
"we cannot realistically expect to get estimates this precise for inver­
tebrate populations, and it is desirable to obtain some escimate of 
population size even if the C. V. may be as great as 100%". Ettershank 
and Ettershank (1973) state that Jolly's (1965) method gives realistic 
estimates of standard error, and that when the population size is known, 
it is found that the standard error associated with excessively large 
estimates usually encloses the true population value. 
Distribution 
Moisture, temperature, ground cover, food preferences, food 
abundance, and competition are some of the factors which determine carabid 
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distribution. Thiele (1977) states that abiotic factors are probably 
more important than biotic in determining distribution. 
The data in this study indicate that all three species had aggre­
gated distributions. This is evidenced by the distribution maps (Figures 
4-13) and by the data's fit to statistical distributions which are 
characteristically used to describe aggregated biological distributions 
(i.e. negative binomial and logarithmic with zeros). Overdispersion or 
aggregation can be caused, however, by true contagion (interaction be­
tween like organisms) or by heterogenity of the environment (interaction 
with external factors) (Cassie 1962). In the latter case, organisms may 
aggregate in response to the environment and not even be aware of one 
another. The species in this study are probably aggregated due to an 
interaction with the environment rather than true contagion, in that the 
aggregations observed were never very dense, and they covered fairly 
large and relatively consistent areas of the grid. Furthermore, at least 
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another during certain times of the year as indicated by the negative 
correlation between male and female captures (Table 20). 
Pterostlchus chalcites apparently prefers cornfields to either 
fence rows or pasture, as Esau and Peters (1975) captured seven times 
as many of this species in corn as in fence rows, and none in pasture. 
Kirk (1975) also reported that this species was most numerous in corn, 
and observed that this species preferred low, poorly drained soil which 
was not waterlogged. 
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The results of this study showed that areas of the field which had 
low organic content, were sandy, hot, dry, and had open-plant cover 
during mid-to late-summer captured very few chalcites• The southeast 
corner of the grid, in particular, was characterized by these conditions, 
and as Figures 6 and 14 indicate, very few beetles were present here in 
mid-to late-summer. 
The preferred habitat of substriatus apparently is also corn­
fields. Esau and Peters (1975) captured more than 10 times as many of 
this species in corn as in fence rows and 25 times as many in corn as 
in pasture. In general, there appears no obvious differences in the 
distribution of substriatus and chalcites in this study. Appar­
ently substriatus, as was the case with P^. chalcites, avoided areas of 
the field such as the southeast corner which were characterized hy low 
organic content, sandy soil, open ground cover, low moisture and high 
temperatures (Figures 8 and 9). There was, however, a significant nega­
tive correlation between substriatus and 2^ chalcites when the 
number of beetles per trap were analyzed (Table 18). In other words, 
it appeared that these species occupy the same habitat but avoid making 
close contact. This may be due to overt competition between these two 
species, or it may be due to relatively small differences in habitat 
preference. For example, there was no correlation between soil moisture 
and number of P^. chalcites captured, but there was a significant 
negative correlation between soil moisture and number of substriatus 
captured. This implies that subtriatus may prefer slightly drier 
soil than P. chalcites. 
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The distribution pattern of H. pensylvanicus was not accurately 
mapped because the species was predominantly found in the field borders, 
and borders were not adequately sampled. Esau and Peters (1975) also 
captured slightly more of this species in fence rows than cornfield. 
This species preference for borders agrees with what is known about 
its feeding habits. In addition to feeding on insects, Lund and Turpin 
(1977a) and Best and Beegle (1977) found that this species readily fed 
upon certain weed seeds. Pterostichus chalcites did not prefer plant 
material and was presumed to be more predaceous than H. pensylvanicus 
(Best and Bee le 1977). Therefore, the negative correlation between 
numbers of beetles captured per trap for chalcites and H. pensylvanicus 
(Table 19) may be the result of different habitat preference based on 
different feeding habits. 
Dispersal 
Summarizing results of several studies, Thlele (1977) states that 
the average speed or dispersal for larger carabids is a few meters in 24 
h. Klrchner, 1960, as cited in Thlele (1977) recorded an average dis­
persal rate of 3 m in 24 h for Pterostichus vulgaris L. with the maximum 
being 15 m. Skuhravy, 1957, as cited in Thlele (1977) reported that 
most of the released Pterostichus cupreus L. were recaptured at the site 
of release, and the maximum dispersal for cupreus was 250 m in 1 mo. 
It would appear from these figures that the beetles in this study 
dispersed more than average. This may partially be due to the fact that 
open ground (lack of weeds) in agricultural land allows for more rapid 
dispersal. Results dealing with a pasture inhabiting species (Evarthrus 
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alternans) however, indicate that some carabids may travel fairly great 
distances in a short period of time, even though crawling through dense 
vegetation (Best unpublished). 
In spite of relatively great dispersal capabilities, it remains 
unclear whether beetles actually dispersed into or out of the field 
or whether the recorded dispersal just reflected random movements within 
the field. Greenslade (1964b) observed only a random pattern of dis­
persal for Nebria brevicollis (F.)« He also found that this species 
moved extensively within the study plot but not beyond it. Such random 
movements within an area, but not out of it, could be due to hungry 
beetles moving about in search of food. Grum (1971) noted that satiated 
carabids were characterized by low mobility, while hungry ones were quite 
mobile. He concluded that there are areas in a field which present 
optimal site conditions from the standpoint of environmental factors such 
as temperature, moisture, and isolation. He further states that the 
chances for food acquisition, however; ought to be greater outside these 
areas because of a lower concentration of beetles. This leads to migra­
tion into and out of the optimal sites in search of food, according to 
Grum. If this is the case, beetles might disperse rapidly over short 
distances but not be apt to migrate from one field to another. Calkins 
and Kirk (1973) working with false wireworms, concluded that these 
species had the capability of travel but appeared to be localized in 
their movements. They also concluded that movement results from a 
general reshuffling within a field which allows most preferred sites 
to be colonized. 
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There did not appear to be any well-defined direction of movement 
within the grid for P^. chalcites (Figure 14) or for the other species in 
this study. There did, however, seem to be a drift in the distribution 
for 2» chalcites, H. pensylvanicus,and possibly substriatus (Figures 
4-13) throughout the season. Whether the change in distribution for 
2» chalcites and substriatus reflects dispersal in late-summer or not 
remains uncertain. Very few chalcites and substriatus were cap­
tured in the grid during late summer. This may reflect reduced activity 
or dispersal out of the grid. Dispersal of these species out of the 
field and into other fields, however, was probably only minimal, partic­
ularly during early and mid-summer. There does appear, however, to be 
rather strong evidence from this study that H. pensylvanicus may have 
dispersed into the field from the borders. Rivard (1966) also noted 
that H. pensylvanicus was not abundant near the center of the field until 
the end of the season. 
This brings up the question of how important field borders are in 
providing sites for dispersal of predators into a cornfield in response 
to insect pests. Thiele (1977) concluded that hedge rows around fields 
apparently do not act as reseirvoirs for carabids. He further stated 
that those species which are predominant in cultivated fields have little 
connection with the hedges. Jones (1979), while studying nine species 
of carabids in a winter wheat field, showed that some carabids migrate 
into the growing crop or into the stubble after harvest, while others 
are permanent field residents. Esau and Peters (1975) observed that 
both 2" chalcites and substriatus were found primarily in cornfields 
102 
and not fence rows. The results of this study, however, indicate that 
these species may occupy the field margins if conditions in the field 
become unfavorable. If so, then field borders are important shelters 
for these predators at certain times of the year. Field borders most 
certainly provide refuge for H. pensylvanicus. 
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CONCLUSION 
The species of carablds considered in this study are probably poor 
candidates for use in a biological control program per se. They are non­
specific in their feeding habits (in some cases even feeding on plant and 
dead animal material), have long life cycles, and are cannibalistic. 
These species probably also do not disperse rapidly into areas 
infested with pests. Random dispersal is probably responsible for 
bringing individuals into a pest-infested area. Beetles then remain in 
the infested area as long as the total environment remains favorable. If 
the environment becomes unfavorable, the carabids will either leave or 
become inactive. As Grum (1971) has pointed out, the prey complex avail­
able to a predator may be least favorable in the sites most optimal for 
him and vice versa. Thus outbreaks of pests may occur in areas which are 
not attractive to these beetles. 
In spite of the limitations of using these beetles in a biological 
control program, their importance as natural control agents cannot be 
over-emphasized. Thiele (1977) states that "even though little hope 
exists of combatting pests biologically with ground beetles this does 
not detract from their value in keeping down numbers and even destroying 
large quantities in the event of heavy attack". He further states 
that even though, on their own, they are not able to prevent pest 
damage to crops rapidly, they should be considered "valuable natural 
auxiliaries". 
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The results of this study show that these carabids have the 
capability of consuming large amounts of prey when easily available, 
such as would be the case in the event of an outbreak. Scarites 
substriatus consumed an average of 5.2, P. chalcites consumed an average 
of 3.1, and H. pensyIvanicus consumed an average of 2.1 fourth-instar 
black cutworms in 24 h. Population densities of these species, while 
lower than those reported for some carabids studied, are still suffi­
ciently high to allow these beetles to have an enormous impact on a 
pest population. Simple arithmetic shows that collectively P. 
chalcites and substriatus alone are capable of consuming up to 10,190 
fourth-instar black cutworm larvae per hectare per day during mid-June. 
It should also be pointed out that both of these carabids are most 
numerous during that time of the year when the com plant is most 
susceptible to cutworm damage. While these figures do not take into 
account a multitude of naturally occurring factors, the simplest of 
which being prey availability^ it does serve as a relative guide to 
the potential importance of carabids. 
In addition to its capability for reducing insect pests, H. 
pensyIvanicus may be of benefit in reducing the number of weeds in 
agricultural areas. Lund and Turpin (1977a) and Best and Beegle (1977) 
demonstrated that this species will consume weed seeds, although it is 
not yet ascertained what overall effect this may have in weed control. 
The obvious benefit of these species in cornfields strongly suggests 
that they be conserved in integrated management programs. This can be 
done through border preservation, and by reduced and selective use of 
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insecticides. The importance of field borders was already discussed in 
this paper. Thiele (1977) states that carabids seem much more suscep­
tible to the effects of insecticides than other insects. Gholson et al. 
(1978), discussing affects of several commonly used insecticides on cara­
bids, found that there were significant differences in the affect of the 
various insecticides on the carabids studied and recommended the use 
of less toxic compounds whenever possible. It also may be of benefit 
to artificially provide areas favorable to carabids. For example, 
sources of moisture and shade in a hot, dry field may encourage beetle 
presence in an otherwise unfavorable environment. 
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